In this paper, a capacitance estimation scheme for DC-link capacitors for single-phase AC/DC PWM converters is proposed. Under the no-load condition, a controlled AC current (30[Hz]) is injected into the input side, which then causes AC voltage ripples at the DC output side. Or, a controlled AC voltage can be directly injected into the DC output side. By extracting the AC voltage/current and power components on the DC output side using digital filters, the capacitance value can be calculated, where the recursive least squares (RLS) algorithm is used. The proposed methods can be simply implemented with software only and additional hardware is not required. From the experiment results, a high accuracy estimation of capacitances less than 0.85% has been obtained.
I. INTRODUCTION
These days, single-phase AC/DC PWM converters are widely used for the grid connection of renewable energy conversion systems such as photovoltaic (PV) and fuel cells, and UPSs (uninterruptible power systems) [1] , [2] . Electrolytic capacitor banks are usually used for these types of converters as an energy buffer. By the aging effect, the capacitor banks lose their initial characteristic due to the electrolytic reaction, effects of temperature and humidity, and some unstable factors in the system. This results in a decrease of capacitance (C) and an increase of equivalent series resistance (ESR) [3] . Therefore, it is necessary to indentify by what percent the capacitance has been reduced or by what percent the ESR has been increased and when it should be replaced by new one.
The capacitor banks are usually installed in the interior of converter systems. Therefore, it is hard to measure the capacitance with LCR meters. To overcome this difficulty, an algorithm based on the loss of the electrolyte of the capacitor, which results in a decrease in capacitor weight, has been proposed [4] . If the volume of the electrolyte is reduced by more than 40%, the lifetime of the capacitor is considered to be ended. However, this method is also inconvenient since capacitors needs to be disconnected from the system for measurement. On the other hand, a method that involves the measuring of gas pressure inside an electrolytic capacitor has been proposed to estimate its lifetime [5] . However, this method is too complex and requires a few hours of measurement due to chemical processing. Since the ESR of an electrolytic capacitor is increased with aging, its deterioration can be determined by measuring the change in ESR [6] - [10] . For a buck-boost and forward DC/DC converters, an analytic relationship between the capacitor current and voltage was used to estimate the ESR value, and this approach has been successfully applied to these kinds of converters [6] . Also, another method was proposed, which determines if the ESR has increased more than five times its initial value in the electrolytic capacitors used for LC filters of switching mode power converters [7] . This scheme requires additional hardware for processing the measured capacitor voltage. Another ESR estimation method based on the computation of the power loss in a capacitor was proposed in [8] , where some additional sensors are required together with a simple analog circuit for signal processing. In [9] , an ESR and C estimation method for the DC-link capacitors of PWM inverters was proposed, where no additional hardware is required and the estimation accuracy is less than 5%. However, the switching frequency and duty cycle of the switching device for testing should be selected carefully. In [10] , another ESR and C identification scheme for the output DC capacitor in a buck converter was proposed, where a state observer was been used. The estimation accuracy of the ESR was less than 6% and that of C was not provided. On the other hand, online capacitance estimation methods for three-phase AC/DC/AC PWM converters have been proposed in [11] , [12] , which give a high accuracy and the advantage of no additional sensors.
The objective of this paper is to propose an algorithm to estimate the DC-link capacitance of single-phase AC/DC PWM converters, from which the deterioration of the capacitor can be diagnosed online. First, an AC current component at lower frequency (30[Hz]) than the line frequency is injected into the input side, which causes an AC voltage ripple component in the DC output side. By using a band-pass filter (BPF), the corresponding AC current and voltage components from the DC output side are extracted. Then, the capacitance value can be estimated using the recursive least squares. In addition, by injecting the AC voltage component into the DC output side, the capacitance can be calculated from the AC voltage and power components in a similar way. From the experimental results, the high accuracy of estimation are obtained less than 0.85% for both the AC current and voltage injection cases. To detect the phase angle of the voltage varying in a sinusoidal waveform, a PLL algorithm is needed, by which a reference frame for control is determined.
II. CONTROL OF OF AC/DC PWM CONVERTERS
A phase angle detection method applied to a single-phase utility systems was described in [13] , based on the modified three-phase instantaneous reactive power theory (p-q theory), the structure of which is shown in Fig. 2 . As an input signal of a PLL block, the measured source voltage e s is set to be v α (v α = v α ) in the αβ-coordinate. A phase delay of π/2 in e s produces a signal of v β , which is generated by the twophase generator. Similar to the three-phase PLL structures, the fictitious currents i α and i β are made to be orthogonal to the voltages v α and v β , respectively. To make a delay of π/2 in the source voltage e s , an all-pass filter is used for a two-phase generator. Its transfer function is given as:
where ξ is a damping ratio, which is set to 1 and ω n is the source frequency. In Fig. 2 , ω ff is a feed-forward frequency component given by the source voltage.
B. PR Repetitive Current Controller
The performance of a conventional PI current controllers is not so good in single-phase AC systems if the gains are not very high. The excessively high gains usually make the controller sensitive to noise and unstable. To avoid this problem, PR controllers are utilized, which are equivalent to the synchronous d-q axis controllers utilized in three-phase systems [14] .
In this paper, the PR controllers are employed for the precise current control of a single-phase PWM converter. The design strategy is based on transforming a desired DC compensation quantity into an equivalent AC compensation quantity, so that it has the same frequency response characteristic as synchronous PI controllers in the bandwidth of concern. The transfer function of the PR controllers can be expressed as [15] :
where, K P is the proportional gain, K I is the integral gain, K Ih is the integral gain for high order harmonic, and h = 3, 5, 7, . . .. However, a simple PR controller is effective for a specific harmonic component. If it is to be valid for different orders of harmonic components orders, the transfer function in (2) becomes much more complicated and a long execution time is required.
On the other hand, it is known that a repetitive control is one of the specific control schemes for which the objective is to remove the errors due to the fundamental and harmonics of the periodic inputs. So, a repetitive control strategy is added to the simple PR controller as a compensator for all of the harmonic components. Then, the transfer function of PR repetitive controllers is expressed as [16] :
where K RE is the repetitive controller gain and T is the delay time.
The structure of a PR repetitive current controller is shown in Fig. 3 . 
III. CAPACITANCE ESTIMATION USING CURRENT INJECTION A. AC Current Injection
Let us consider the operation of a single-phase AC/DC PWM converter in the steady state under the no-load condition. In this condition, it is difficult to obtain any information for capacitance estimation. So, it is necessary to inject a particular signal to excite the system. For this propose, a regulated AC current with a low frequency is injected into the input side of the AC/DC PWM converter, which is expressed as:
The current level injected is determined considering the allowable ripple current of the capacitor and the frequency of the injected current is chosen considering the magnitude of the induced AC voltage component in the DC-link voltage. If it is too high, the induced voltage signal becomes too low, and vice versa. This information on the AC current and voltage components in a DC-link capacitor is used to calculate the capacitance at the last stage. Fig. 4 shows a block diagram of the capacitance estimation in the case of current injection.
B. Reconstruction of the DC-link Current
In the proposed estimation method, the information for the DC-link current (i dc ) needs to be known. For this purpose, however, it is not efficient to employ an additional DC current sensor. Therefore, instead of direct measurement of the DC-link current, reconstruction of its waveform can be implemented by using the gating time and the phase current. The DC-link current i dc , can be calculated by the switching functions (S a , S b ) as [11] :
where the switching functions mean '1' or '0' when an upper switch turns on or off, respectively and i as and i bs are the currents flowing into the legs A and B of a single-phase PWM converter as shown in Fig. 1 . Instead, using gating times and input current (i s ), the mean value of the DC-link current (i dc,cal ) for each sampling period can be calculated as:
where T ga and T gb are the gating times for each leg of the converter and T sampling is the sampling time. Since the dead time effect of the IGBT switching devices can be compensated for, its influence on (6) can be ignored [11] .
C. RLS Method for Current Injection
The capacitance of the DC-link capacitor, C, can be calculated from:
where v dc is the DC-link voltage. The second-order band-pass filters are applied to (7) in order to extract the DC-link current and the voltage ripple components at the injected frequency such as:
where 'BP F [·]' represent the band-pass filtered quantity. The RLS algorithm can minimize the least square cost function. The error cost function is expressed in a discrete domain as [17] :
The parameterĈ(n) is updated to minimize the error cost function e 2 (n) at each sampling time. So, the RLS update of the parameterĈ(n) can be expressed as:
where µ(n) is an adjustment gain, which is chosen as a constant (9.5 × 10 −8 ).
D. Digital Filter
The DC-link voltage measured includes the switchingfrequency-related harmonic components. To eliminate the harmonic components, a second-order low-pass filter is used [18] , for which the transfer function is expressed as:
where K LP F is the gain, ω LP F is the cut-off frequency, and Q LP F is the quality factor. The AC component in the DC-link voltage passing through the low-pass filters needs to be eliminated since the mean value of the DC-link voltage should be fed back into the voltage controller. Therefore, a second-order band-stop filter tuned at the injected frequency is used, and its transfer function is expressed as: where K BSF is the gain, ω BSF is the cut-off frequency, and Q BSF is the quality factor. To extract the AC components from the derivative of the measured DC voltage and the calculated DC-link current, a second-order band-pass filter tuned at the injected frequency is used, and its transfer function is expressed as:
where K BP F is the gain, ω BP F is the cut-off frequency, and Q BP F is the quality factor.
IV. CAPACITANCE ESTIMATION USING VOLTAGE INJECTION

A. AC Voltage Injection
In the current injection method described previously, the information on the DC-link current in (6) is required, which is complicated to calculate. Here, the voltage injection method can be used [12] , which directly injects an exciting signal into the DC-link voltage. The injected AC voltage component is given by:
where the magnitude and frequency of the injected voltage are chosen in a way that is similar to the standard described previously. In the steady state, the DC-link voltage is constant except for the switching-frequency-related ripple components. After injecting the exciting signal, the DC-link voltage reference can be represented as:
. This specific AC voltage component can be easily extracted by digital filters and then used for the RLS algorithm. Fig. 5 shows a block diagram of the capacitance estimation in the case of voltage injection.
B. Power of a Capacitor
From the converter circuit in Fig. 1 , the capacitor power is expressed as:
where p cap is the capacitor power, p in is equal to the input power of the converter if the converter loss is neglected, and p out is the output power delivered to the load. At no load, (15) can be rewritten as: The instantaneous input power of the converter is calculated as:
where e s is the source voltage and i s is the input current.
C. RLS Method for Voltage Injection
Applying the band-pass filter to both sides in (16) yields:
From (18), the RLS update of the parameterĈ(n) is given as [11] :
where µ(n) is an adjustment gain, which is chosen as a constant (9.5 × 10 −13 ).
V. EXPERIMENTAL RESULTS
To verify the effectiveness of the proposed scheme, experiments were carried out for a single-phase IBGT PWM AC/DC converter. A full verification of the simulation results shown in [19] is provided experimentally in this paper. The parameters of the PWM converter system, digital filters and controllers are listed in Table 1 , 2 and 3, respectively. From Fig. 6 to Fig. 9 , the experiment results of the AC current injections are shown. Fig. 6(a) shows the source currents in the no load condition in which the actual value follows its reference well. Fig. 6(b) shows the DC-link voltage, which contains the same frequency component as the injected current. Fig. 7 shows the DC-link currents, where Fig. 7(a) is the waveform measured by a current probe. Fig. 7(b) is the current waveform calculated in (3), Fig. 7(c) is the band-pass filtered output of (b), and Fig. 7(d) shows the harmonic spectrum of (c). Only a 30[Hz]-frequency component exists. Fig . 9 shows the capacitance estimated in the case of an abrupt change in the capacitance, where the sudden change of capacitance has been made by disconnecting a capacitor of C 1 (1, 046 [µF]) while it is being operated with a capacitor of C 2 (1,550[µF]) in parallel. The capacitance data are listed in table 4. The estimation error is about 0.25%-0.81%, which is enough good for the diagnosis of capacitor deterioration.
In Fig. 10 -13 , the experimental results in the case of AC voltage injection are illustrated. Fig. 10(a) and (b) show the source current and the DC-link voltage in the no-load condition, respectively, in which its reference is given by V * dc = 340 + 10 sin(2π · 30t) [V ] . The actual value deviated a little from the injected voltage reference since it includes higher frequency components (90[Hz] and 150[Hz]) which result from the frequency modulation effect [20] . Fig. 13 shows the capacitance estimated during an abrupt variation in the capacitance. Fig. 13(a) shows the filtered value of the DC-link ripple voltage and Fig. 13(b) shows the band- pass filtered value of the capacitor power. As shown in (c), the estimated performance, which is shown in table IV, is as good as in the current injection method in the same case of an abrupt change in capacitance. When comparing the two injection methods, it can be seen that both methods have high accuracy when it comes to capacitor estimation. However, the voltage injection method is better than the current injection method since it avoids calculation error.
VI. CONCLUSIONS
In this paper, a new capacitance estimation schemes for single-phase AC/DC PWM converters has been proposed. Based on injecting a controlled AC current component (or a controlled AC voltage component), the capacitance value is estimated precisely less than 0.85% by signal processing. By this method, a DC electrolytic capacitor can be diagnosed online against its deterioration without any additional hardware. The proposed algorithm can be used effectively in single-phase grid-tie inverters for renewable energy conversion systems such as photovoltaic (PV) and fuel cells as well as UPS systems.
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